Abstract: Calcium silicate (CaSiO 3 ) scaffolds were reinforced by introducing liquid phase. The liquid phase was made of B 2 O 3 and ZnO. The fracture toughness and compressive strength increased by 48% and 141%, respectively, compared with those of the scaffolds without the liquid phase. This was attributed to the enhanced densification, the elongated grains pull-out and the cracks bridging. In addition, because of its increasing mechanical properties, the fracture model of the cleavage fracture was more beneficial than the intergranular fracture. The mechanical properties of the scaffolds with the liquid phase could be steadily maintained and then they decreased slowly when immersed in simulated body fluid (SBF). Meanwhile, the hydroxyapatite (HAp) generated on their surfaces. In addition, the scaffolds possessed favorable biocompatibility and could promote cell proliferation. These results demonstrated that the scaffolds with B 2 O 3 -ZnO liquid phase are a promising substitute for bone repair applications.
Introduction
Bioactive ceramics, such as bioglasses, hydroxyapatite (HAp) and calcium silicate (CaSiO 3 ), are accepted as the most promising bone implant substitutes in bone tissue engineering [1] [2] [3] . Recently, CaSiO 3 has attracted increasing attention due to its excellent HAp-forming ability and outstanding proliferation ability of osteoblast-like cells [4, 5] . However, its inherent brittleness causes an insufficient mechanical strength that makes it hardly able to provide structural support for the new bone ingrowth, which impedes its clinical application in load-bearing bone repair [6, 7] .
Some methods, such as second-phase enhancement and liquid phase sintering (LPS), are effective at enhancing the mechanical properties of ceramics. Nevertheless, incorporation of second-phase materials into ceramics, e.g., silicon carbide (SiC) [8] , zirconia (ZrO 2 ) [9] , aluminium oxide (Al 2 O 3 ) [10] , silver oxide (Ag 2 O) [11] and titanium oxide (TiO 2 ) [12, 13] , makes it hard to acquire sufficient Porous scaffolds were constructed layer-by-layer using a homemade SLS equipment [26] . The sintering parameters were kept constant as follows: layer thickness of 0.12 mm and the laser power (1 mm focused beam diameter) of 7 W and scan speed of 100 mm/min. When the sintering was complete, the scaffolds were obtained after brushing off unsintered powder.
Physical and Chemical Properties Characterization
The microstructure of the initial powders and scaffolds was examined using scanning electron microscope (SEM; Tescan Mira3 LMU, Brno, Czech) with accelerating voltage of 20 kV after sputtering with a thin platinum film. The chemical composition was analyzed using energy dispersive spectroscopy (EDS; Oxford X-Max20, Oxford, UK), X-ray diffraction (XRD; Rigaku D/Max 2550, Appl. Sci. 2017, 7, 387 3 of 12 Tokyo, Japan) with CuKα radiation at 40 kV/250 mA and scanning rate of 8 degree/min, and Fourier transform infrared spectroscopy (FTIR; Nicolet 6700, Madison, WI, USA) with a resolution of 8 cm −1 and the range of 4000-400 cm −1 .
Mechanical Properties Assessment
Vickers hardness of the scaffolds was measured with an indentation hardness tester (HXD-1000TM/LCD, Shanghai, China). Six indentations were recorded at an indentation load of 300 gf and a dwelling time of 10 s to determine the Vickers hardness. Simultaneously, the length of induced crack was used to calculate fracture toughness (K IC , MPa·m 1/2 ) according to the Equation (1) [27] :
where P is the indentation load (N) and c is the induced crack radius length (m).
Compressive strength tests were carried out on a computer-controlled desktop universal tester (WD-D1, Shanghai, China) at a cross-head speed of 0.5 mm/min. Compressive strength of the scaffolds was confirmed according to stress-strain curve. Six scaffolds of each group were utilized to perform this experiment. The results were presented as means ± standard deviation (SD).
Bioactivity and Biodegradability Assessment
The bioactivity and biodegradability of the scaffolds were evaluated by immersing in simulated body fluid (SBF) [28] . The scaffolds (W 0 ) were exposed to SBF solution for different periods (3, 7, 14, 21 and 28 days) with the liquid/solid ratio of 100 mL/g. The immersion experiments were carried out at 37 • C and the SBF solution were renovated every two days. At each time point, the scaffolds were taken out, rinsed with distilled water and dried at 60 • C for 24 h. Once dried, the weight was carefully measured and recorded (W t ). The weight loss was calculated according to the Equation (2) . Then, the formation of HAp on the scaffolds was characterized by SEM and FTIR. The compressive strength of the scaffolds was measured after soaking.
Weight loss = (W
t − W 0 )/W 0 × 100%(2)
Cytocompatibility and Cell Viability Assessment
Cell culture experiments were performed on the scaffolds to evaluate cytocompatibility and cell viability. The scaffolds were autoclaved at 121 • C for 40 min. Subsequently, they were rinsed with aseptic phosphate buffered saline (PBS), pre-wetted with Dulbecco's Modified Eagle's Medium (DMEM) and then placed in 12-well plates. Osteoblast-like cells (MG-63) were seeded on the scaffolds at a density of 4 × 10 4 cells per well. Incubations were run in DMEM supplemented with 10% fetal bovine serum (FBS) and 1% streptomycin/penicillin at 37 • C under a 5% CO 2 humidified atmosphere. The culture medium was changed every day for the duration of the experiment.
Cell proliferation was quantitative estimated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. After cultivating for 3 days, MTT, a yellow tetrazolium salt, was diluted in DMEM and added to each well to form a purple formazan due to an enzymatic reaction by the living cell. After culturing for a further 4 h, dimethyl sulfoxide was blended to all wells to entirely resolve the purple formazan. Absorbance of each well at 490 nm was confirmed on a microplate reader (n = 3).
Cell viability was also qualitatively assessed by examining cells' attachment and spreading behaviors. The scaffolds were washed twice gently with PBS after incubating for 1, 2 and 3 days, and then fixed with 2.5% glutaraldehyde aqueous solution for 2 h and dehydrated twice in a series of ethanol solutions (70%, 80%, 90%, 95% and 100%), respectively. Afterward, the scaffolds were dried and coated with platinum, and then observed under SEM.
Results and Discussion

Sintering Behavior
The XRD patterns and morphology of the received powders were presented in Figure 1 . Compared with the standard XRD patterns of CaSiO 3 (beta phase, JCPDS 84-0654) and ZnO (JCPDS 36-1451), it was clear that all of the primary strong and sharp diffraction peaks of the CaSiO 3 ( Figure 1a ) and ZnO (Figure 1b) powders could be indexed, respectively. The B 2 O 3 powder was amorphous which was identified completely by the B 2 O 3 diffraction code of JCPDS 06-0297 (Figure 1c) . CaSiO 3 and B 2 O 3 powders had a particle-like morphology with an average particle size of 1.5 µm and 40 µm respectively, and ZnO had a whisker-like shape. The rhomboid scaffolds had a 75-degree acute angle and dimensions of 14 × 14 × 5 mm 3 (length × width × height) (Figure 1d ). Other researchers reported that scaffolds required a pore size greater than 300 µm to promote vascularisation and bone ingrowth for bone repair [29, 30] . The struts and pores of the scaffolds were around 2 mm and 1 mm, respectively. Moreover, the external and internal architectures of the scaffolds were well controlled. 
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Mechanical Properties
It is a great challenge to improve the fracture toughness and compressive strength of bioactive ceramics. The fracture toughness and compressive strength increased at first and then decreased, and the hardness gradually increased from group CS-A to CA-D (Table 2) . A peak value of the fracture toughness and compressive strength appeared at group CS-C. In detail, the fracture toughness and compressive strength reached 1.57 ± 0.15 MPa·m 1/2 and 40.69 ± 1.54 MPa, which increased by 48% and 141% compared with those of the scaffolds without liquid phase, respectively. This could be explained as follows: On the one hand, the mechanical properties of the scaffolds were connected with their densification. The densification of the scaffolds with the liquid phase was increased compared with the scaffolds without liquid phase (Figure 4) , which improved the mechanical properties. On the other hand, the appropriate liquid phase (white arrows) that existed in grain boundary (group CS-C) could make the grains bond strong (Figure 4d ), while excessive liquid phase formed a reticulate structure (group CS-A) and led to a relatively low mechanical property (Figure 4b) . Moreover, the cleavage fracture (white boxes in Figure 4d ) was more beneficial at improving mechanical properties than the intergranular fracture. The elongated grains pull-out and cracks bridging were also useful in enhancing the toughness ( Figure 5 ). However, abnormal grain growth and completely intergranular fracture (group CS-D) resulted in a decrease of mechanical properties (Figure 4e ). 
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It is a great challenge to improve the fracture toughness and compressive strength of bioactive ceramics. The fracture toughness and compressive strength increased at first and then decreased, and the hardness gradually increased from group CS-A to CA-D (Table 2) . A peak value of the fracture toughness and compressive strength appeared at group CS-C. In detail, the fracture toughness and compressive strength reached 1.57 ± 0.15 MPa•m 1/2 and 40.69 ± 1.54 MPa, which increased by 48% and 141% compared with those of the scaffolds without liquid phase, respectively. This could be explained as follows: On the one hand, the mechanical properties of the scaffolds were connected with their densification. The densification of the scaffolds with the liquid phase was increased compared with the scaffolds without liquid phase (Figure 4) , which improved the mechanical properties. On the other hand, the appropriate liquid phase (white arrows) that existed in grain boundary (group CS-C) could make the grains bond strong (Figure 4d ), while excessive liquid phase formed a reticulate structure (group CS-A) and led to a relatively low mechanical property (Figure 4b) . Moreover, the cleavage fracture (white boxes in Figure 4d ) was more beneficial at improving mechanical properties than the intergranular fracture. The elongated grains pull-out and cracks bridging were also useful in enhancing the toughness ( Figure 5 ). However, abnormal grain growth and completely intergranular fracture (group CS-D) resulted in a decrease of mechanical properties (Figure 4e) . Table 2 . Effects of B2O3-ZnO liquid phase on the hardness, fracture toughness and compressive strength.
Group CS CS-A CS-B CS-C CS-D Hardness (GPa)
Bioactivity and Biodegradability
The bioactivity and biodegradability of the scaffolds were assessed. After soaking for 3 days, some granular HAp generated on the scaffolds of all groups ( Figure 6 ). Particularly, HAp almost covered the whole scaffolds with the liquid phase, which indicated that the liquid phase improved the HAp formation ability (Figure 6b-e) .
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Cytocompatibility and Cell Viability
The cell viability on the scaffolds underwent quantification analysis by MTT after culturing for 3 days (Figure 9 ). The cells proliferated more actively in groups CS-B and CS-C than other groups and reached a maximum value in group CS-C, which indicated that this group was more advantageous for cell growth than others.
The cell adhesion and spreading experiments on group CS-C indicated that the cell growth included three main stages (Figure 10 ). Firstly, attachment: at this stage, cells were still spherical morphology and no filopodia ( Figure 10a) ; secondly, partly spreading: cells started to extend locally and connect by filopodia. Besides, a small quantity of the extracellular matrix was synthesized and secreted by cells ( Figure 10b) ; lastly, spreading and flattening: the cells spread completely and connected with each other (Figure 10c ). These results indicated that the cells attached on the scaffolds by means of filopodia and changed their morphologies to contact with the cell-scaffold interface. The cell adhesion and spreading experiments on group CS-C indicated that the cell growth included three main stages ( Figure 10 ). Firstly, attachment: at this stage, cells were still spherical morphology and no filopodia ( Figure 10a) ; secondly, partly spreading: cells started to extend locally and connect by filopodia. Besides, a small quantity of the extracellular matrix was synthesized and secreted by cells ( Figure 10b) ; lastly, spreading and flattening: the cells spread completely and connected with each other (Figure 10c ). These results indicated that the cells attached on the scaffolds by means of filopodia and changed their morphologies to contact with the cell-scaffold interface.
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The cell adhesion and spreading experiments on group CS-C indicated that the cell growth included three main stages (Figure 10 ). Firstly, attachment: at this stage, cells were still spherical morphology and no filopodia ( Figure 10a) ; secondly, partly spreading: cells started to extend locally and connect by filopodia. Besides, a small quantity of the extracellular matrix was synthesized and secreted by cells ( Figure 10b) ; lastly, spreading and flattening: the cells spread completely and connected with each other (Figure 10c ). These results indicated that the cells attached on the scaffolds by means of filopodia and changed their morphologies to contact with the cell-scaffold interface. 
Conclusions
In this paper, the mechanically strong CaSiO 3 scaffolds were fabricated by incorporating B 2 O 3 -ZnO liquid phase. The liquid phase improved the microstructures and densification of the scaffolds. When the weight ratio of B 2 O 3 to ZnO was 35:65, the fracture toughness and compressive strength reached optimized values, namely 1.57 ± 0.15 MPa·m 1/2 and 40.69 ± 1.54 MPa, respectively. The fracture toughness and compressive strength were increased by 48% and 141%, respectively, compared with the scaffolds without liquid phase. Meanwhile, the scaffolds with the liquid phase showed an excellent HAp formation ability and a steady mechanical strength in SBF. Moreover, they were also favorable for cell adhesion and proliferation. Therefore, the utilization of CaSiO 3 scaffolds with B 2 O 3 -ZnO liquid phase in bone tissue regeneration is promising.
